Parkinson's disease (PD) is a progressive neurodegenerative movement disorder resulting from a selective loss of dopaminergic neurons. The pathogenesis of PD remains incompletely understood, but increasing evidence from human and animal studies has suggested that oxidative damage contributes to the neuronal loss in PD. In this study, we used rotenone (a mitochondrial complex I inhibitor) based cell and Drosophila models that resemble some key pathological features of PD to test whether curcumin, a potent antioxidant compound, derived from the curry spice turmeric, could protect against rotenone-induced neuronal toxicity. We found that curcumin reduced rotenone induced cell death in SH-SY5Y human neuroblastoma cells and alleviated PD-like symptoms in drosophila via reducing the intracellular and mitochondrial reactive oxygen species (ROS) levels and inhibiting the caspase-3/caspase-9 activity. These results suggest that curcumin is a promising therapeutic compound for PD.
INTRODUCTION
Parkinson's disease (PD) is a progressive neurodegenerative disorder with high prevalence in aged people, affecting 2% of the population over 60. The cardinal signs of PD are tremor, rigidity and bradykinesia, resulted from a loss of dopaminergic neurons. The specific molecular mechanisms leading to neuronal death in PD are not fully understood yet [1, 2] . Nevertheless, postmortem study implicates that oxidative damage and mitochondrial impairment could contribute to the cell death in PD [1] . Consistent with this finding, epidemiological studies also suggest that PD can be induced with mitochondrial complex I inhibitors such as the environmental toxins rotenone [3, 4] .
Rotenone, a commonly used natural pesticide prepared from the roots of tropical plants, such as Derris elliptica, can freely cross cell and mitochondrial membranes. In vitro, rotenone has been shown to promote the accumulation and aggregation of alpha-synuclein and ubiquitin, cause oxidative damage, and endoplasmic reticulum stress, and lead to cell death [5, 6] . In vivo, chronic exposure of rats to rotenone induces PD-like symptoms, including dopaminergic neurodegeneration and the occurrence of cytoplasmic inclusions similar to Lewy bodies [7] . Recent studies show that chronic exposure of Drosophila to rotenone recapitulates key features of Parkinsonism, including selective loss of dopaminergic neurons and locomotor deficits [8, 9] . Although there are also study showing contradictory results [4] , most of the evidences are consistent and suggesting that rotenone exposure contributes to PD-like symptom and that rotenone-based Parkinson's disease models can be used to test potential compounds for PD intervention.
Curcumin is a yellow curry spice derived from turmeric, which has been used as a food preservative and herbal medicine in India [10] . Curcumin is a potent antioxidant and anti-inflammatory compound [11] . Previous studies suggest that curcumin plays a protective role against amyloid beta toxicity in cell model of Alzheimer's disease and mouse models [12, 13] . However, it is unknown whether curcumin can protect against rotenone toxicity in PD models. In this report, we used rotenonebased cell and Drosophila PD models to test the effects of curcumin. Our results showed that curcumin reduced rotenone-induced cell death in SH-SY5Y human neuro-blastoma cells via decreasing the intracellular and mitochondrial ROS levels and inhibiting caspase-3/caspase-9 activity. Curcumin also rescued rotenone-induced locomotor impairment and early mortality and restrained dopaminergic neuronal degeneration in Drosophila via reducing mitochondrial ROS levels. These results suggest that curcumin may be a potential compound for PD intervention.
METHODS

Materials
Media and N2 supplements for cell culture were obtained from Invitrogen. 2',7'-dichlorofluorescein (DCF) diacetate (DCFDA) was obtained from Invitrogen. Rotenone and curcumin were from Sigma (St. Louis, MO, USA) were first dissolved in DMSO and then diluted into midia or fly food before use. The final concentration of DMSO was 0.2% in the media or fly food that were not alter cell and fly growth. The pan caspase inhibitor, z-VAD-fmk was purchased from Enzyme Systems Products (Livermore, CA, USA).
Cell Culture and Measurement of Cell Death
SH-SY5Y human neuroblastoma cells were grown in DMEM with 10% Fetal boral serum (FBS) and antibiotic-antimycotic (100 U/ml penicillin, 100 μg/ml streptomycin, and 2.5 μg/ml fungizone) solutions at 37˚C in 5% CO2/95% air. For rotenone toxicity does-response studies, SH-SY5Y cells were added rotenone at 0 -250 nM concentrations.
To test effect of curcumin on rotenone toxicity, we used the LC 80 (the concentration causing 80% cell death) of rotenone. We pretreated cells with curcumin at 0, 0.1, 05, 1 and 5 μM concentrations for 1 h, and then exposed them to LC80 of rotenone for 24 h. We also used a pan caspase inhibitor, z-VAD (100 µM) as a positive control for curcumin protective experiments. Trypan blue exclusion was used to measure cell death by counting the number of dead (blue) and live cells in the cultures after rotenone exposure and/or curcumin treatment.
Measurements of Intracellular ROS and Mitochondrial Superoxide
The levels of cytosolic ROS were measured by redoxsensitive fluorophore DCFDA as previously described [14] . Briefly, cells were washed with PBS, and then incubated for 45 min with DCFDA, which is initially non-fluorescent and is converted by oxidation to the fluorescent molecular DCF. DCF was then quantified using a CytoFluor Multi-well Plate Reader, Series 400 (Perseptive Biosystems) with 485 nm excitation and 538 nm emission filters.
For detection of mitochondrial superoxide, MitoSOX Red and MitoTracker Green (Invitrogen) dissolved in DMSO were used at a final concentration of 5 μmol/L and 1 μmol/L respectively, according to the protocols of the manufacturers. Briefly, cells after rotenone exposure and/or curcumin treatment were loaded with the fluorogenic probe MitoSOX Red (5 μmol/L) for 20 min. After removing MitoSOX Red and washing cells with Hanks' balanced salt solution, fluorescent images were captured by fluorescence microscope. MitoSOX Red is a fluorescent dye specific for the detection of O2-in the mitochondria of live cells. To confirm the localization of MitoSOX Red to mitochondria, cells were also incubated with mitochondria marker (MitoTracker Green (1 μmol/L) for 20 min at the same time. The yellow fluorescence in the overlay images indicated that MitoSOX is inside of the mitochondria. Fluorescence pictures were taken by fluorescence microscopy with identical exposure settings. Ten random images from each well in a 24-well cell culture plate were taken for each parameter to obtain a mean value for statistical comparison. NIH Image J 5.0 software was used for the analysis of fluorescent intensity of MitoSOX in individual cell. Average intensity per cell was determined and more than 50 cells in each experimental group were analyzed. Each experiment was repeated three times.
Measurement of Cellular Caspase Activity
Caspase-3 and caspase-9 activities were measured by a colormetric method at A405 nm as previously described [14] . Cells were harvested in cell lysis buffer (50 mM HEPES, 1 mM DTT, 0.1 mM EDTA, 0.1% CHAPS and 0.1% Triton X-100, pH 7.4). DEVD-p-nitroanilide and LEHD-p-nitroanilide were the substrates for caspase-3 and caspase-9, respectively. The experiments were performed according to the manufacturer's protocol (Biosource International).
The PD Model of Drosophila
W1118 strain of Drosophila were grown on standard cornmeal medium at 25˚C and fresh food media were changed every 3 days. To get PD model, the rotenone (0 -125 nM final concentration) were added freshly when the food changed.
Fly Survival Curve
Cohorts of 50 flies from each experimental group were monitored for survival. Flies were maintained on standard media, rotenone and rotenone with curcumin (0 -5 mM final concentration) for untreated control, rotenone only and curcumin protect group. Mortality was scored daily and analyzed by using Kaplan-Meier survival curves. This experiment was repeated three times.
Climbing Assay
The fly locomotor ability was determined using a climbing assay (negative geotaxis assay) as described previously [15] . Cohorts of 60 flies from each genotype were subjected to the assay weekly. The tested flies were age-matched, randomly selected, anesthetized, and placed in a vertical plastic column (length, 25 cm; diameter, 1.5 cm). Flies were gently tapped to the bottom of the column. We counted and calculated the percentage of flies that could climb to, or above the median line of the cylinder in 10 seconds. Each week, the assay was repeated three times.
Immunostaining and DA Neuron Counting
Six neuronal DA clusters are normally present in each adult Drosophila brain hemisphere [15] . On the anterior side, there was a paired dopaminergic cluster, PAL (protocerebral anterolateral) and a paired cluster in the middle, PAM (paired anterolateral medial). On the posterior side, there were five clusters: PPM1 (unpaired), PPM2 (paired), PPM3 (paired) (protocerebral posterior medial), PPL1 and PPL2 (paired) (protocerebral posterolateral). These neurons express tyrosine hydroxylase (TH), which is an enzyme required for the biosynthesis of dopamine and often used as a marker for dopaminergic neurons. Thus, whole-mount brain immunostaining using specific anti-TH antibodies were performed to detect DA neurons as previously described [15] . Briefly, fluorescent immunostaining was performed on whole-mount dissected adult brain at 2 -4 weeks of age in the presence or absence of curcumin treatment and/or rotenone exposure. Cohorts of six to eight flies per experimental group were used for immunostaining. The dissected brains were mounted in Vectashield (Vector Laboratories). Rabbit polyclonal anti-TH (Chemicon) and mouse monoclonal anti-TH (Immunostar) were used as the primary antibodies. Alexa Fluor 488 goat anti-mouse IgG and Alexa Fluor 568 goat anti-mouse IgG (Invitrogen) were used as secondary antibodies. The numbers of DA neurons were scored in whole-mount brains under fluorescent (Zeiss LSM 250) and/or confocal microscopy (Zeiss LSM 510). We counted the TH-positive cells in all clusters except in the paired PAM cluster, because the density of the neurons in PAM was too high to allow precise quantification. Six brain sections were counted in each experimental group.
Drosophila Brain Redox State Analysis
The UAS-MTSroGFP2 was expressed in drosophila pan neurons by elav-Gal4 driver. The brain dissection and redox state analysis is performed as previously reported [16] . Briefly, the brains of elav-Gal4; UASMTSroGFP2 animals were dissected in PBS and placed in mounting medium (Vector, H-1000). RoGFP2 fluorescence was collected by using a 535 nm filter following excitation at 405 nm (Oxidized roGFP2) and 488 nm (Reduced roGFP2). The 20× lens and Z-scan by 10 um stepsize was used to get the whole brain image. The Ratios of 405 nm/488 nm fluorescences were counted by ImageJ software and data were analyzed using student t-test.
Data Analysis
Quantitative data were expressed as arithmetic means ± SEM based on at least three separate experiments. Statistically significant differences among experimental groups were analyzed by analysis of variance (ANOVA) using Sigmastart 3.1 statistical soft ware (Aspire Software International, VA). A P value (<0.05) was considered significant.
RESULTS
Curcumin Protected Against Rotenone Induced Apoptosis in SH-SY5Y Cells
To address whether curcumin can restrain rotenoneinduced neurodegeneration, we exposed human dopaminergic neuroblastoma SH-SY5Y cells to various concentrations of rotenone for 24 h. Rotenone (Figure 1(a) ) caused apoptotic cell death in a dose-dependent manner (Figure 1(b) ). The LC80 (the concentration causing 80% cell death) of rotenone was 125 nM. To test the protective effect of curcumin (Figure 1(c) ) on rotenone toxicity, we pretreated cells with curcumin for 1 h, and then exposed them to 125 nM rotenone for 24 h. Curcumin protected against 125 nM rotenone-induced cell death to a significant extent at a concentration of 100 nm and to a maximum extent at 1 μM (Figure 1(d) ).
Rotenone Caused PD-Like Symptoms in Drosophila
We generated a rotenone-based fly model using W1118 normal wild type Drosophila. We added rotenone in fly food at a concentration gradient of 5, 25, 75 and 125 μM from day 1 post-eclosion and keep the same drug level in the food throughout the lifetime. We found that rotenone caused early death in a dose-dependent manner and is significant when compared with unexposed flies (Figure 2(a) ). To measure the behavioral change resulted from rotenone exposure, we employed a climbing assay (negative geotactic test) at multiple time points in their lifetime. When flies were tapped to the bottom of a vial, nearly all untreated control flies rapidly climbed to the top of the vial on day 7 and day 14. However, flies exposed to rotenone exhibited a significant dose-dependent motor deficit in performance, indicating locomotor dysfunction (Figure 2(b) ). There was a progressive, dose dependent decline in climbing ability in flies with rotenone exposure. Rotenone at 75 μM and 125 μM caused significant locomotor impairment and early mortality compared to the untreated group. Thus, we used these two concentrations to conduct further studies.
To assess whether rotenone induces degeneration in dopaminergic neurons, brains from flies with rotenone exposure were dissected and subjected to whole-mount brain immunostaining using specific anti-TH antibodies. We counted the TH-positive cellsin all the clusters (the details are described in the methods section) except the paired PAM cluster, be cause the density of the neurons in PAM was too high to allow precise quantification. In unexposed control flies, at 2 week of age, the DA clusters did not change significantly in number of TH-positive cells or their morphology (Figures 2(c) and (d)) . However, at 2 week of age, flies exposed to rotenone showed a striking decrease of anti-TH-positive staining in all the DA clusters, indicating that rotenone induced a loss of DA neurons in the brain. 
Curcumin Ameliorated Rotenone-Induced PD-Like Symptoms in Drosophila
To test the effect of curcumin in vivo, we added curcumin at 0, 0.2, 1, 5, 10 mM in fly food from 1 day post-eclosion throughout the lifetime. The flies were also exposed to 75 μM rotenone for the same time span. The fly survival and climbing activity were monitored weekly. 1 mM curcumin significantly improved fly survival (Figure 3(a) ) and prevented locomotor impairment induced by rotenone (Figure 3(b) ). Increase of curcumin concentration in the fly food to more than 1 mM did not further enhance its protective effect.
To further assess whether curcumin reduces dopaminergic neuron loss, flies exposed to 75 μM rotenone . Flies were exposed to 75 µM Rotenone in the presence or absence of curcumin at various concentrations. Fly survival ratio was scored weekly. There were 60 flies in each group, and experiment was repeated 3 times in parallel. Survival data were analyzed by Kaplan-Meier log Rank survival analysis. Statistically significant differences were detected between no rotenone exposure and rotenone exposure group; between curcumin (1 and 5 mM) treated and non-treated flies that were exposed to rotenone (p < 0.05); (b). Flies were exposed with 75 µM Rotenone in the presence or absence of 1 mM curcumin for 2 weeks. The locomotor function was monitored at 7 and 14 days using climbing assays. There were 30 flies in each experimental group. Data were analyzed by ANOVA. There were no significance between 7 day and 14 day assay in group untreated (control) and curcurmin alone ( * p > 0.05). There were significant impairment in locomotor function both on 7 day and 14 day between groups with rotenone exposure ( no curcumin treatment) and control ( * p < 0.05). Flies exposed to rotenone and treated with curcumin showed a significant protection on locomotor function ( # p < 0.05, compared to the group exposed to rotenone alone), but the toxicity of rotenone was not fully prevented ( * p < 0.05, compared to control); (c) and (d). Curcumin reduced Rotenone-induced loss of dopaminergic neurons. Flies were exposed with 75 µM Rotenone in the presence or absence of 1 mM curcumin for 2 weeks. The fly brains were dissected and subjected to whole mount brain immunoflouresence using anti-TH antibodies. (C). The total TH-positive neurons in dopaminergic neuron clusters (PAL, PPM1/2, PPM3, PPL1 and PPL2) were quantified in 3 different groups. The number of TH positive neurons in Curcumin alone group were not different from that in the control group (no rotenone and no curcumin, * p > 0.05, data not shown). Rotenone exposed groups showed significant lower numbers of TH-positive neurons ( * p < 0.05, vs control, n = 6) while curcumin treatment significantly restrained the toxicity of rotenone on TH-positive neurons ( # p < 0.05, vs. Rotenone alone, n = 6). D. Representative images of TH staining in PPM1/2 clusters of each experimental group.
were treated with 1 mM curcumin. At 2 weeks of age, flies exposed to rotenone showed a striking decrease in anti-TH-positive staining in all DA clusters. However, curcumin significantly reduced rotenone-induced dopaminergic neuron loss in these flies (Figures 3(c), (d) ).
Curcumin Reduced Rotenone-Induced Intracellular and Mitochondrial ROS Levels in Vitro and in Vivo
To further study the protective mechanism of curcumin, we measured intracellular ROS using the redoxsensitive fluorophore 2',7'-dichlorofluorescein (DCF) diacetate (DCFDA). Nonfluorescent DCFDA is converted by oxidation to the fluorescent molecule DCF. We found that the level of DCF in SH-SY5Y cells treated with 125 nM rotenone was more than four folds higher than that in untreated cells (Figure 4(a) ). However, this increase in DCF fluorescence was largely reversed by curcumin. To further explore whether curcumin alters mitochondrial ROS, we used MitoSOX, a specific dye for mitochondrial ROS. MitoSOX signal was localized in MitoTracker-stained organelles, indicating that the MitoSOX staining was specific to mitochondria. Mitochondrial ROS increased dramatically after 4 h exposure to rotenone (Figures 4(b), (c) ). Pretreatment with curcumin for 1 h significantly reduced the rotenone-induced increase in mitochondrial ROS (Figures 4(b), (c) ).
To test the antioxidant effect of curcumin in vivo, we employed a genetically encoded ratiometric redox sensor roGFP2 [16] . RoGFP2 is a ratiometric redox indicator, i.e. the ratios of fluorescence intensity from excitation wavelength 405 nm (Figure 5(a) , oxidized state) to 488 nm (Figure 5(a) , reduced state) can indicate the ROS level. This sensor allows us to detect real time ROS level in different tissues or cell types by using different GAL4 drivers in drosophila. The mitochondrial target sequence (MTS) were inserted upstream of roGFP2 that can specifically target roGFP2 to mitochondria. The pan neural driver elav-GAL4 was used to generate elav-GAL4; UAS-MTSroGFP2 flies and express roGFP2 in mitochondria of all the neurons. To observe the mitochondrial ROS level in neu rons, we dissected the whole brain of elav-GAL4; UAS-MTSroGFP2 flies on day 7 and day 14 after their exposure to 75 μM rotenone with or without 1 mM curcumin in the presence. The exposure to rotenone caused an increase in ROS level compared to the vehicle control. When flies were rescued with 1 mM curcumin, their ROS level was significantly reduced compared to that of flies only treated with rotenone ( Figure 5(b) ). apoptosis [5] . Consistent with precious findings, we found that 125 nM rotenone increased both caspase-3 and caspase-9 activities (Figures 6(a) and (b) ) in our mo-del. Caspase-3 and caspase-9 activity were in creased after exposure to rotenone for 2 h and reach peak after 12 h. To examine whether curcumin alters rotenone-induced caspase-3 and caspase-9 activation, we pretreated the cells with 500 nM curcumin for 1 h, and followed 125 nM rotenone exposures for 24 h. We used a pan caspase inhibitor, 100 µM z-VAD as a positive control that can inhibit both caspase-3 and caspase-9 activities and protect against cell death. Like z-VAD, curcumin significantly reduced rotenone-induced caspase-3 and caspase-9 activation (Figure 6(c) and (d) ).
DISCUSSION
The main finding of this study is that curcumin protects against rotenone induced toxicity in vitro (in SHSY5Y cells) and in vivo (in Drosophila). Curcumin attenuates rotenone-induced cell death in SH-SY5Y human neuroblastoma cells via reducing the intracellular and mitochondrial ROS levels and inhibiting caspase-3/caspase-9 activity. Curcumin also can reduce the mitochondrial ROS level and increases survival time of fly in the presence of rotenone, alleviated their locomotor impairment and dopaminergic neuronal degeneration. These results suggest that curcumin may be a potential compound for PD intervention.
PD model that mimics the pathological changes in PD is very important in studying mechanisms underlying the etiogenesis of PD and also in searching for potential therapeutics for clinical use. Rotenone is used as a pesti- cide and it can inhibit mitochondrial complex I to present most pathological characteristics and clinical symptoms of PD. A number of rotenone-based toxin cell and rodent models have been used to study the molecular mechanisms of cell death and potential therapeutics for PD [5] [6] [7] [8] [17] [18] [19] [20] . Here, we demonstrated that chronic exposure of Drosophila to rotenone recapitulated some key features of Parkinsonism, including early mortality, locomotor impairment and a selective loss of dopaminergic neurons. Increasing evidence from human and animal studies has suggested that oxidative damage critically contributes to neuronal loss in PD [21, 22] . Oxidative stress increases with normal aging and neurodegenerative disorders [23] [24] [25] . Brains of PD patients have decreased levels of reduced glutathione (GSH), and there is oxidative damage to DNA, lipids and protein [21, 26, 27] . ROS responsible for this oxidative damage may be produced during dopamine metabolism or during oxidative phosphorylation [28, 29] . Rotenone reduces complex I activity and increases ROS production [30, 31] . Within complex I, upstream from the rotenone binding site, is a site of electron leak that can enhance ROS formation [32] . Our results showed that rotenone increases intracellular and mitochondrial ROS levels in the SH-SY5Y human neuroblastoma cells. The mitochondrial targeted roGFP2 is a good indicator for the redox state change in vivo drosophila neurodegeneration model by rotenone treatment. Using this indicator, we found that rotenone also increased the mitochondrial ROS level in drosophila. These results indicate that rotenone based cell and Drosophila are the good models to evaluate the therapeutic effect by candidate drug.
A growing body of evidences shows that inhibiting oxidative stress can prevent degeneration of nigrostriatal dopamine-containing neurons in animal models of neurodegenerative disorders. Curcumin is a potent antioxidant and anti-inflammatory compound. As a free radical scavenger, it is several times more potent than vitamin E [11] . It can protect the brain from lipid peroxidation [33] , and scavenge NO-based radicals [34] . Curcumin has also been shown to play a protective role in amyloid beta peptide toxicity in AD models [12, 13] . Recently, reports showed that curcumin also protects against PD-linked mutant alpha-synuclein and LRRK2-inudced neuron degeneration [35, 36] . Consistent with these findings, our results demonstrate that curcumin reduces rotenone-induced death in SH-SY5Y cells. Using Rotenone-drosophila model, we found that curcumin dose-dependently attenuates rotenone-induced early mortality, locomotor impairment and dopaminergic neurodegeneration. Moreover, we found that curcumin significantly reduces rotenone-induced intracellular and mitochondrial ROS levels in SH-SY5Y cells and mitochondrial ROS level in drosophila. Furthermore, the caspase-3/caspase-9 activity is increased in rotenone-induced SH-SY5Y cells which is consistent with previous reports [18, 37] . We also found the rotenone-induced increase of caspase-3/caspase-9 activity is reduced by decreased ROS level in curcumin treatment. Taken together, these findings suggest that curcumin is a very promising therapeutic candidate and protects against neuron damages by both toxins and genetic mutations. Caspase-9 activities and protect against cell death. The fact that curcumin reduces the ROS levels providing a molecular basis underlying neuroprotection against rotenone toxicity and may be a potential candidate for PD intervention. Curcumin can penetrate the blood brain barrier, is relatively broad therapeutic index [12, 13, 38, 39] . In clinical trials with curcumin, cancer patients have not shown adverse effects with doses from 2000 to 8000 mg/day [40] . Treatment with curcumin of 160 -5000 ppm reduces oxidative damage and amyloid pathology in an AD transgenic mouse [13] . Taken together, these studies indicate that curcumin is relatively safe for animals and humans and is a potentially attracttive therapeutic drug for PD and other neurodegenerative diseases. However, there is evidence that curcumin is poorly absorbed and heavily metabolized in animals which suggests the need of using large dose (1 mM) to achieve neuroprotective effect in flies. The development of curcumin derivatives with higher bioavailability may lead to the better therapeutic utility of curcumin for PD intervention.
CONCLUSION
The Rotenone based cell and Drosophila models can provide a valuable system for preclinical investigation on PD therapeutics. We demonstrate that curcumin can protect against Rotenone-induced neuronal toxicity in vitro and in vivo via reducing ROS level and inhibiting capase-3/-9 activity. To our knowledge, this is the first report to show that curcumin has a protective effect in Rotenone-based PD models, suggesting that curcumin can be a promising therapeutic compound for PD.
